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What is the future of electrical impedance
spectroscopy in flow cytometry?
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ABSTRACT

More than 20 years ago, electrical impedance spectroscopy (EIS) was proposed as a potential characterization method for flow cytometry.
As the setup is comparably simple and the method is label-free, EIS has attracted considerable interest from the research community as a
potential alternative to standard optical methods, such as fluorescence-activated cell sorting (FACS). However, until today, FACS remains by
and large the laboratory standard with highly developed capabilities and broad use in research and clinical settings. Nevertheless, can EIS
still provide a complement or alternative to FACS in specific applications? In this Perspective, we will give an overview of the current state
of the art of EIS in terms of technologies and capabilities. We will then describe recent advances in EIS-based flow cytometry, compare the
performance to that of FACS methods, and discuss potential prospects of EIS in flow cytometry.
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INTRODUCTION

In the early 2000s, electrical impedance spectroscopy (EIS)
was introduced in flow cytometry for multi-parametric analysis of
cells in suspension.”” The interest in EIS was fueled by its potential
to become a low-complexity and low-cost alternative to established
fluorescence- and scattering-based detection methods, which were
commonly employed in flow cytometry, the so-called
fluorescence-activated cell sorting (FACS) [Fig. 1(a)]. Inspired by
the Coulter counter principle,” EIS-based detection methods for
flow cytometry (EIS-FC) measure variations in electrical imped-
ance, while a flow of medium including cells passes over or in
between a set of electrodes in contact with the suspension
medium.”*” EIS-FC uses a microfluidic channel to align the cells
for single-cell detection and to focus them within the sensing
volume, an approach very similar to that employed for focusing
cells in the detection volume of a FACS cytometer [Fig. 1(b)]. The
microfluidic channel provides a small sample volume between the
electrodes (~10nl) for increased sensitivity, and the laminar flow
profile enables us to precisely control the cell flow." Similar infor-
mation on the cells in suspension can be obtained by using either
label-free FACS-based or EIS-based flow cytometry. Label-free
FACS analysis relies on the detection of forward- and side-scattered
light (FSC-A and SSC-A) to get information on cell size and cell

granularity [Fig. 1(a)]. By recording cell impedance at multiple fre-
quencies to comprehensively assess cell dielectric properties,
EIS-FC provides estimates of the cell size at low frequencies
(usually around or below 100 kHz) or information on membrane
integrity and intracellular content by looking at the impedance at
high frequencies (from ~100kHz to ~10-100 MHz) [Fig. 1(c)].2
High-frequency impedance recordings are then often normalized
with respect to low-frequency impedance values to be able to
compare information on the membrane integrity of cells that
feature different geometric dimensions or sizes. The ratio of high-
frequency impedance to low-frequency impedance values is
referred to as “opacity” [Fig. 1(b)].>"*

When EIS-FC was initially developed, FACS instruments
required frequent re-alignment of the optical elements and highly
trained personnel for data acquisition and analysis. In contrast, the
sensing electrodes of EIS-FC could be integrated within the micro-
fluidic channel, so that no wuser alignment was necessary.
Furthermore, EIS signal detection could be carried out with small
and portable electronic equipment, which resulted in a small foot-
print of the detection system and low maintenance and acquisition
costs. Therefore, EIS-FC initially raised considerable interest in the
scientific community, and many implementations have been devel-
oped with the aims to increase sensitivity, simplify electrode
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FIG. 1. Working principles of (a) FACS-based flow cytometry and (b) EIS-based flow cytometry, showing the application and recording of electrical AC signals. In the sub-
panels are typical FACS and EIS scatterplots of a hypothetical mixture of two populations, which show similarities for label-free analysis. In a typical FACS scatterplot,
debris is visible besides the cell populations, while it is generally not plotted in EIS scatterplots. Opacity, as shown along the y axis of the EIS scatterplot, denotes the ratio
of the high- and low-frequency signal amplitude. It is used to minimize dependence of EIS signals on the relative positions of the measured cells. Opacity can be used to
characterize membrane integrity and intracellular contents of the cells. (c) Top: equivalent-circuit model of the sensing region, showing the contributions of the electrodes,
of the solution, and of the passing cell to the sensed impedance. Constant phase elements (CPE) represent the electrodes. Bottom: signal-magnitude and phase-response

plots of cells in dependence of the applied frequency.

integration, and extend the information that can be obtained
through EIS by using refined electrical-equivalent models of cells in
an electrolyte flow.”” "'

IS EIS-BASED FLOW CYTOMETRY A VIABLE
ALTERNATIVE TO FACS?

EIS-FC has proven to be competitive with FACS-based cytom-
etry in multiple aspects. By using state-of-the-art electronic compo-
nents and by parallelizing the analysis, EIS-FC can readily be used

to record thousands of events per second,'”'>"* which matches the

throughput of FACS-based analysis.'* FACS detection has been
optimized for the analysis of single mammalian cells in the 1-
100 um diameter range, * while ad hoc modifications of the instru-
mentation can be made to extend the measurement range from
sub-micrometer' """ to millimeter-range particles.lx’19 However,
such modifications require significant efforts and are costly. In con-
trast, EIS detection can be easily adapted for a wide range of
dimensions of analyzed particles—from sub-micrometer particles
(e.g., extracellular vesicles or apoptotic bodies) to large cell aggre-
gates or organisms (e.g., organoids or parasites)—with minimal
modifications to the measurement equipment. Only comparably
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simple modifications of the detection chamber and a careful selec-
tion of the frequency range of the impedance signals that will be
recorded are required.”’’

The main limitation of EIS-FC originates from its limited
capability in identifying different cell types in a mixed population
as a consequence of the label-free nature of cell-size and
membrane-property measurements. In contrast, great specificity is
provided by fluorescent labels of different cellular markers that
enable us to characterize mixed cell populations at high resolution
by using FACS. FACS techniques have experienced drastic improve-
ments in instrumentation and in the development of novel labeling
strategies for fluorescence-based cell characterization,”® which have
greatly improved its performance and user-friendliness.
New-generation FACS instruments require minimal or no align-
ment of the optical elements and can be readily used for automated
high-throughput detection. Furthermore, a comprehensive analysis
can now be carried out with only a few microliters of the sample.
Modern FACS devices that include multiple laser sources can
simultaneously detect up to 20 parameters for characterizing and
differentiating cells in mixed populations. The wuse of
quantum-dot-based cellular labels could enable FACS detection by
using up to ~50 different markers.'* The analysis of these multidi-
mensional FACS data has also been greatly facilitated by the devel-
opment of intuitive and automated analysis software packages. The
integration of machine-learning approaches for automated cluster-
ing is expected to further improve the analysis performance and
simplify data interpretation."**” Improvements in FACS technology
have promoted its adoption in research, industrial, and clinical set-
tings despite the high initial costs to purchase the equip-
ment.'>'***’" A disruptive recent advancement in flow cytometry
includes the integration of high-speed cameras for high-resolution
imaging in FACS flow cytometers.””™"* This new method, which
has been termed image-activated cell sorting (IACS) or imaging
flow cytometry (IFC), provides spatial information on the distribu-
tion of labeled markers in single cells in addition to the characteri-
zation by FACS-based analysis. IACS provides more information
and higher data dimensionality and enables in-depth characteriza-
tion and refined differentiation of cells in mixed populations. An

TABLE I. Summary of the main features of EIS-FC, FACS, and IACS.

scitation.org/journal/bmf

overview of the most important features of EIS-FC, FACS, and
IACS is given in Table 1.

Although the application of EIS-FC requires significantly less
investments in terms of setup costs and efforts for operation, this
electrical analysis method has been commercially developed to a
much lesser extent than optical methods and has been applied
mostly to cell counting.”> Meanwhile, FACS devices and FACS
analysis have been developed at a fast pace and are broadly avail-
able to researchers and clinicians. Therefore, an obvious question
concerns the potential future of EIS-based detection methods in
flow cytometry.

WHAT IS THE FUTURE OF EIS-BASED FLOW
CYTOMETRY?

Flow cytometry is predominantly used as an end point analy-
sis method to characterize and analyze cell populations, where the
performance of FACS analysis is superior to that of EIS-FC. The
single-cell resolution of flow cytometry methods could, however,
also provide a wealth of information in cell cultures and could be
used to monitor dynamic changes in real time. The large form
factor of FACS equipment prevents integration in compact systems
and cell-culture platforms. In contrast, EIS methods could be an
ideal candidate for continuous characterization of a wide range of
biological samples, as they are conveniently configurable, label-free,
and can easily be automated and multiplexed.”*** Application
examples include monitoring responses upon drug exposure. The
parallel and continuous EIS monitoring of cancer microtissues
upon exposure to drug compounds was recently demonstrated.”’
The microtissues were periodically moved across EIS electrodes by
simple tilting of the culture platform, which initiated medium flow
and enabled parallel impedance screening of multiple microtissues
in real time. EIS-FC could potentially be used in a similar way for
label-free real-time monitoring of suspended cells at single-cell
resolution.

Commercial impedance-based Coulter counter systems have
seen great technological improvements in the last few years and
feature high throughput and a large detection range spanning from

EIS-FC FACS IACS
Installation costs <$100k $50k-$1M >$1M
Throughput in events Tens of thousands of cells per Tens of thousands of cells per Around 100 cells per second
per second second second
Dimensionality of Defined by the number of applied Around 20 features for a High-dimensional data due to spatial
data and recorded electrical signal standard FACS device information provided through imaging
frequencies
Integration Convenient integration and Limited and expensive due to Limited due to complex optics, setup
and multiplexing scalability due to electronic setup costs and optical costs, and optical alignment
multiplexing alignment
Label-free Yes Yes + fluorescence Yes + fluorescence
Real-time or end Both Limited to end point Limited to end point

point
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sub-micrometer particle diameters to a few millimeters. They have
been used for the characterization of a broad variety of samples
including body fluids.”*~*" The label-free electrical detection princi-
ple obviates long sample preparation times and the need for expen-
sive dyes, which renders EIS systems particularly interesting for
diagnostic and medical purposes. Academic research efforts have
yielded micro-fabricated devices with distinct advantages over com-
mercial impedance-based cytometers, which include reduced
sample volumes, low power consumption, and small system dimen-
sions and portability."’

The compact nature and high level of integration of EIS-FCs
also enable application as in-line analysis techniques for quality
control or monitoring of cell-manipulation protocols in systems
with integrated electrodes. For instance, EIS-FC could be used to
monitor the effectiveness of cell electroporation in flow-through
electroporators or for optimization of electroporation parame-
ters.”""** Similarly, integrated electrodes for EIS-FC could be uti-
lized in droplet microfluidics for sorting and analyzing
encapsulated cells"”™ or for manipulating droplets.""” Finally,
EIS-FC could also find applications in quality assessment of bio-
printing of cells and organoids to verify, in an automated and high-
throughput manner, size uniformity and viability.**~>"

CONCLUSION

In conclusion, although EIS can still be used as an end point
analysis method in flow cytometry as suggested two decades ago,
the technological advances in FACS and the recent introduction of
optical microscopy information in IACS flow cytometry render the
optical techniques superior for cell population measurements.
However, the label-free nature and high flexibility in configuring
and integrating EIS methods may open a variety of applications for
EIS methods. Examples include the real-time monitoring of com-
pound effects in long-term drug exposure experiments or the
in-line monitoring of cells and organoids for quality control pur-
poses during bioprinting. Finally, the possibility of realizing small-
outline and low-cost instrumentation renders EIS-based methods
to be very attractive in resource-limited settings or for analyzing
body fluids in the growing field of wearable medical devices.
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